Human glucose 6-phosphate dehydrogenase (G6PD) has a particularly large number of variants resulting from point mutations; some 60 mutations have been sequenced to date. Many variants, some polymorphic, are associated with enzyme deficiency. Certain variants have severe clinical manifestations; for such variants, the mutant enzyme almost always displays a reduced thermal stability. A homology model of human GGPD has been built, based on the threedimensional structure of the enzyme from Leuconostoc mes-LUCOSE-6-PHOSPHATE dehydrogenase (G6PD) is a housekeeping enzyme that catalyzes the first and ratelimiting step in the pentose phosphate pathway. Its key role in metabolism is to provide reducing power in the form of NADPH. This role is particularly important in red blood cells (RBCs) where NADPH is required for detoxification of hydrogen peroxide and other compounds, via glutathione. In these cells the reaction catalyzed by G6PD (and by 6-phosphogluconate dehydrogenase, which depends on G6PD) is the only source of NADPH. Human G6PD, a homodimer encoded by a gene which maps to the region Xq28 on the X-chromosome, exhibits an extraordinary degree of genetic variability: more than 100 deficient variants have been reported and characterized.' These variants are either true polymorphisms, with relatively mild clinical manifestations and variant alleles reaching frequencies of 1% to 50% in various parts of the world, or sporadic variants, brought to light because they cause chronic nonspherocytic hemolytic anemia (CNSHA) in affected males. The former group of G6PD-deficient variants have most likely reached polymorphic frequencies because deficient individuals are protected to some extent against severe Plasmodium fakiparum malaria.' In both polymorphic and sporadic variants there is always some residual enzyme activity and this is invariably lower in RBCs than in other cells. The lack of null variants and the low activity in RBCs (which cannot make up for enzyme breakdown through de novo protein synthesis) implies that instability of mutant G6PD molecules is probably the commonest cause of G6PD deficiency. This has been confirmed in several cases by appropriate biochemical analysis. Following the determination of the primary structure of human G6PD through cloning of the corresponding cDNA,' the molecular lesions of more than 60 G6PD variants have been dete~mined~.~; nearly all are missense point mutations causing single amino acid replacements. These mutations, with differing clinical manifestations, vary in their effect on residual enzyme activity and on substrate binding; almost all cause a decrease in enzyme stability. Figure 1 shows the distribution of severe (class I) mutations with respect to the primary structure of the protein; notable is a cluster of severe mutations between residues 380 and 450. This analysis has proved most valuable for diagnosis and to define which mutations account for G6PD deficiency in various populations. However, it has been less successful in defining the role of different domains and of individual amino acid residues in the stability of the protein, and in explaining why some mutants are almost asymptomatic whereas others cause severe CNSHA.
enteroides. The model has suggested structural reasons for the diminished enzyme s t a b i l i and hence for deficiency. It has shown that a cluster of mutations in exon 10, resulting in severe clinical symptoms, occurs at or near the dimer interface of the enzyme, that the eight-residue deletion in the variant Nara is at a surface loop, and that the two mutations in the A-variant are close together in the three-dimensional structure. 0 1996 by The American Society of Hematology.
both polymorphic and sporadic variants there is always some residual enzyme activity and this is invariably lower in RBCs than in other cells. The lack of null variants and the low activity in RBCs (which cannot make up for enzyme breakdown through de novo protein synthesis) implies that instability of mutant G6PD molecules is probably the commonest cause of G6PD deficiency. This has been confirmed in several cases by appropriate biochemical analysis.
Following the determination of the primary structure of human G6PD through cloning of the corresponding cDNA,' the molecular lesions of more than 60 G6PD variants have been dete~mined~.~; nearly all are missense point mutations causing single amino acid replacements. These mutations, with differing clinical manifestations, vary in their effect on residual enzyme activity and on substrate binding; almost all cause a decrease in enzyme stability. Figure 1 shows the distribution of severe (class I) mutations with respect to the primary structure of the protein; notable is a cluster of severe mutations between residues 380 and 450. This analysis has proved most valuable for diagnosis and to define which mutations account for G6PD deficiency in various populations. However, it has been less successful in defining the role of different domains and of individual amino acid residues in the stability of the protein, and in explaining why some mutants are almost asymptomatic whereas others cause severe CNSHA.
Some of us have recently solved and given a detailed description of the three-dimensional structure of G6PD from Leuconostoc mesenteroides. ' The protein from this species has significant homology to human G6PD, and residues shown to be important for activity are conserved. Thus, we can use knowledge of the structure of the bacterial enzyme to model normal human G6PD B. The dimer is shown to be the smallest molecular form of G6PD that is active in the human enzyme' as in all species8 The crystal structure of the L mesenteroides apoenzyme has a dimer in the asymmetric unit. The two monomers are related by an axis which is very close to a dyad and it is anticipated that the subunit interface is retained in the human enzyme. Our homology model allows us to predict, with some confidence, the position and role of both normal and mutated residues in the tertiary structure of human G6PD, and thus answer some of these questions.
MATERIALS AND METHODS
The human model was generated by homology modeling from the known structure of L mesenteroides G6PD6; the 33% sequence " " " 460 """""""-alpha n " " " " " " " -beta0 identity is sufficient to justify the assumption that it has a similar fold. A multiple sequence alignment of 14 currently known G6PD sequences (human,' L mesenteroide~,~ Synechococcus PCC 7942," Zymomonas mobilis," Saccharomyces cerevisiae," Drosophila melanogasrer.I3 rat,I4 mouse," Erwinia chrysanrhemi m. Hugouvieux- Model of the human dimer. In this figure subunit P (equivalent to subunit A in published illustrations of the dimer of L mesenteroides G6PD' ) is shown in red, green, and yellow, and Q is in pale blue, pink, and white. The monomer consists of two domains-a smaller coenzyme domain encompassing residues 1-198 and a larger p + a domain comprising residues 199-515. The requenca GASGDLA (residues 38-44) is at the coenzyme binding site (arrow). The G6P binding site includes residues from the perfectly conserved 9-amino acid sequence RIDHYLGKE (198) (199) (200) (201) (202) (203) (204) (205) (206) . Three adjacent strands of the p-sheet of the p + a domain (residues 380-425) are in the area of the dimer interface. The orientation used for this and other figures is shown schematically at upper right as a guide for the reader. Figures 2,4 , 5, and 6 were drawn using the program BOBSCRIPT, an enhanced version of MOLSCRIPT. "   Fig 4. Serious mutations at the dimer interface. A magnification of the dimer interface region of the model. Subunit P is in red, green, and yellow, Q in pale blue, pink, and white. The C a carbons of mutations causing seriously deficient (class I) variants are indicated by black spheres in subunit P and grey spheres in 0. All variants are labeled and the region of the dimer enlarged is shown at upper right. The class I variant residues form two symmetry-related clusters at the dimer interface. The cluster at the lower right hand corner of the diagram involves rasidues from subunit P 213Val --t Leu (Minnesota=), 216Phe -Leu (HarilaouZ7) (not visible), 274GIu -Lys (Corum"), 278Ser + Phe YWexham'"), 393Arg + His (NashvillP), 394Val-Lys (Alhambra"), 396Pro -, Leu (Bari") and 398Glu -Lys (Puerto Limonu); and from subunit 0: 385Cys + Arg (Tomaha), 386Lys + Glu (Iowa=), 387Arg --t Cys (Guadalajara3') 387Arg + His (Beverly Hills?, 405Met -t Ile (Clinic?, 410Gly --t Cys (Riversidea); 41OGly + Asp (Japan3') and 416Glu + Lys (Tokyo3*). The other cluster contains the same residues in the alternative subunit.
Further from the cluster are 363Asn + Lys (Loma Lindaz6), and 439Arg + Pro (Pawnee3'). These residues interact across the dimer interfaca.
generating the major interaction energy between the two subunits. Mutations disrupt and weaken the dimer-dimer interactions, leading to destabilization. Highlighted in the diagram is Lys 386, originally predicted as a residue interacting with NADP+. Fig 5. The aight-residue deletion situated in a flexible loop. A magnification of the region of the eight-residue deletion in the class I variant, Nara?5 which is predicted to be missing residues 318-325. This is the only variant identified so far that has more than two residues deleted. The first and last deletad residues are indicated by black spheres at their Ca positions. The chain trace highlighted in red in (A) shows the modeled conformation of the normal enzyme a t this point. The blue chain trace in (B) shows a suggested alternative conformation after deletion of residues 318-325. This alternative conformation was created by removing residues 318 to 325 and then modeling a new conformation using 0; surrounding residues were altered as little as possible. No energy minimization was performed. lt is possible to model the deletion without affecting any secondary structural elements or the active site of the protein. Eight insertions totaling 16 residues were modeled into the structure, and six deletions totaling 14 amino acids were removed, using the molecular graphics package 0." For each insertion or deletion, a plausible main chain conformation was chosen that avoided strain and bad contacts with the surrounding protein. Any severe clashes between sidechains were remedied on inspection of the protein. The first 26 residues of the human protein were not modeled; they form an amino-terminal tail of unknown structure present in all the mammalian G6PDs sequenced so far, but not present in G6PDs from other genera, including L mesenteroides. The final three residues of human G6PD were also not modeled.
Energy minimization was performed on the model using X-PLOR." The protocol constrained all main chain atoms not in insertions or deletions, and consisted of two stages: an initial minimization with a monomer model, followed by a second using the dimer.
Total energy decreased from 265,116 kcal mol" to -7,649 kcal mol".
RESULTS
The use of 14 sequences and a multiple alignment algorithm such as that in AMPS enhances the reliability of the alignment over that from a pairwise comparison of the two sequences of interest. The method uses a matrix of pairwise identities and optimizes the conservation between all pairs of sequences; thus, it can take advantage of subgroups with higher conservation in comparing two more distantly related sequences. Although the human sequence has 33.1% identity with that from L mesenteroides, uncertainties can be resolved by using, for instance, the 48.1% identity of human G6PD with that of S cerevisiae, which itself has 35.7% identity with L mesenteroides G6PD. The alignment in 
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one-to-one correspondence of residues cannot be assumed in these regions. Most insertions and deletions arise from preserving the alignment of the L mesenteroides sequence with those of other prokaryotes and the human sequence with the eukaryotic sequences. Typical examples are the loop between PK and @L, whose length varies from 14 to 19 residues, and the insertioddeletion at ab-ab' where the exact position of the comer between the two external helices may vary between the two groups of structures. After residue 497 there is considerable variation between sequences and the alignment is rather arbitrary. Although the PM-PN loop is lengthened by one residue in two of the bacterial sequences and by three residues in that of Z mobilis, the structural elements which make up the dimer surface, af, ag, PM and PN, are not subject to insertions or deletions. The model shows the extended nature of the dimer (Fig   2) with "P + a" domains forming the dimer interface and "coenzyme" domains distant from the dyad axis. The following description of the human enzyme is based on the detailed description given of L rnesenteroides G6PD.6 The domain structure as defined for the bacterial enzyme is retained; the domain boundary is at the end of sheet strand @F. This is at the terminus of a standard dinucleotide binding foldz3 and is in a region of high sequence conservation. presence of the conserved Arg 72, which binds the 2"phosphate of NADP. The active site can be identified at the domain boundary and includes residues from a nonapeptide (198-206), which is conserved in the 14 G6PD species considered, as well as residues distant in the primary structure. His 201, which is predicted to interact with the substrate (G6P), is 17 A from Gly 38, the neighbor of the adenine ribose of NADP+.
The dimer interface of human G6PD is formed by association of the sheets and two helices in the second (p + a ) domain of each subunit to form a barrel. The residues involved in the dimer surface (defined as those which contain atoms which are less accessible to solvent in the dimer than in the putative monomer) are shown schematically in Fig 3; they are primarily from af, ag, PM, PN, and loops connecting these elements (see Fig 2) . The two active sites (His 201 of the G6P binding sites) in the dimer are more than 50 A apart, separated by the large, predominantly antiparallel sheets of the dimer interface which together form a halfbarrel. Some 29 class I variants have been considered; they comprise two deletions, of 2 (StonybrookZ4) and 8 (Nara") residues, and 26 point mutations. The mutated positions are shown in Fig l. Both deletions occur in surface loops distant from the dimer axis; they are close to each other. Seventeen of the remaining point mutations (20 variants) are in or close to the dimer surface ( Table 1 ). The variant residue is defined as being a part of the surface if one of the atoms in the corresponding residue in G6PD B has a changed solvent accessibility as discussed above. The class I residues involved in the dimer surface are 2 13 (Minnesotaz6), 2 laou2'), 278 ("Wexham"28), 386 (Iowa29), 405 (Clinic3'), 410 (Riverside29 and Japan3'), 416 (Tokyo32), and 439 (Pawnee3'); of those close to the surface, residues 385 (Tomah29), 387 (Guadalajara3'), 393 (Nashville26), 394 (Alhambra3'), 398 (Puerto Limon33), 440 (Kobe") and 447 (Santiago de Cuba3') have an atom less than 5 A from one with changed accessibility.
DISCUSSION
Based on this model of the human G6PD dimer, we have attempted to rationalize the previously reported pattern of naturally occurring mutations and to analyze some specific examples. The model of the human enzyme has allowed us to locate the different variants on particular secondary structural elements and to see their spatial relationships to the coenzyme binding site, the active site and the dimer interface. Almost all residues seen to be important in binding NADP in L mesenteroides G6PD, and those predicted to bind substrate and to promote catalysis, have been conserved in the human enzyme. None of these residues has been mutated in any of the variants described so far. Coenzyme and substrate binding have been modeled by Rowland et a16; the three-dimensional structure of a binary complex of the L mesenteroides enzyme confirms the features of NADP binding (C.E.N., unpublished results, November 1994) and this will not be elaborated further here.
Regions of the surface of the dimer that may be of importance for enzyme stability may be recognized in that class I variants cluster in such an area. It is observations of this kind which we will now address in this report; it is not our intention to use our homology model to answer detailed questions concerning the particular contacts made between variant residues and their neighbors in the three-dimensional structure. It is clear that a detailed analysis of the different sidechain-sidechain interactions that arise in each variant and their consequences in terms of the stability and activity of the human G6PD molecule must await the three-dimensional structure determination of both human G6PD B and of the different variants. We will confine our detailed discussion to three particular examples.
Class I variants: Subunit contacts. A striking previous observation has been that a set of severely deficient variants associated with CNSHA is clustered in exons 10 and 1 l,29 and it has been suggested that they correspond to the NADP+ binding site. It is now clear that the binding site is elsewhere, and this cluster corresponds in fact to the subunit interface. These variants are located close to the ends of the sheet strands of the P + a domain; they form two surfaces, each shared by both subunits (Fig 4) . The surfaces also include some severely deficient mutations mapping outside exons 10 and 11. The fold brings residues from different regions of primary structure in the same monomer close together in space: residues 213 and 216 on a f are a part of the same surface patch as 393, 394, 396, and 398 on PL and in the PL-PM turn. Similarly, the dyad axis brings residue 405, at the end of BM, and 410, in the PM-PN turn, of the second subunit into the same surface patch. It can be seen that residues at the two ends of PL contribute to different patches; it is the residues that precede @L of the second subunit, 385, 386, and 387, which are in the same cluster as 393, 394, 396, and 398 of the first subunit (Fig 4) . It should be pointed out that, of the class I residues close to or in the dimer surface, only residue 440 is within 10 A of the modeled substrate site of its own subunit. None of the residues is within 10 A of either coenzyme site or of the substrate site in the second subunit. The large distance between the two active sites of the dimer has already been noted.
Mutations affect both hydrophobic and charge-charge in- His 201, thought to be the site of substrate binding and is even more distant from the known coenzyme site of the L rnesenteroides enzyme, and so is unlikely to bind catalytic NADP+. The rate-limiting dimerization stage in the reactivation of urea denatured L rnesenteroides G6PD has been shown to be enhanced by addition of coen~yme.'~ Stimulation of these processes by ligands is likely to arise by their stabilizing an important intermediate (or the end product) in the folding pathway by forming a binary complex; for L mesenteroides G6PD an intermediate is indicated. The position of Lys 386 in the model for the human enzyme, in the dimer interface and distant from the proposed NADP+ site, would suggest a similar mechanism.
Hydrophobic contact surfaces at the interface are decreased in some variants: for instance, in G6PD Harila~u,'~ 216Phe + Leu. Two variants, namely G6PD Clinic,'" 405Met "* Ile, and G6PD 213Val +Leu, disrupt the same hydrophobic contact, which involves residues from exon 7 as well as exon 10. The sidechains of these residues on different monomers make contact across the dimer interface. The large number of class I variants in this part of the dimer contact area suggests that the contribution of these residues to inter-subunit contacts is important for the integrity of the dimer and that this region of the interface is particularly sensitive to change and is crucial to stability of the enzyme.
Class I variant with an eight-residue deletion. Only one deletion of more than two residues has been described thus far. In G6PD Nara," associated with CNSHA, residues 3 18-325 are deleted. Some of these residues are part of a surface loop that was found to be highly mobile in L rnesenteroides G6PD. There are insertions and deletions in the sequence alignment in this region (Fig l) . The deletion in the human enzyme at 304 is secure and is a prokaryote/eukaryote difference; the alignment of pH, which is well conserved, generally preserves the amphiphilic character and has equivalent small and large residues. The residues of the loop between 3 1 1 and 3 17 need not be equivalent in the three-dimensional structure, but equivalence is certainly achieved by Tyr 322. In the crystal structure of the bacterial enzyme, the residues that are aligned with those in the deletion immediately follow the only loop for which sidechain conformations are not clearly identifiable. The loop has the highest temperature factors seen in the L mesenteroides G6PD structure6; the average main-chain temperature factor f?r the residues 292-297 (312-317 in human G6PD) is 64.5 A? whereas that for the whole protein is 33.7 A.' The great flexibility of this loop in G6PD from L mesenteroides suggests that a loop of different length and conformation as proposed for the normal human enzyme is readily accommodated (Fig 5A) . Removal of the eight residues 3 18-325, including the totally conserved Tyr 322, can be accommodated by a local rearrangement of the main chain (Fig 5B) . A direct connection between residues 317 and 326 can be made without disruption of the structure but at the expense of exposing otherwise buried residues. The major loss of activity in the human enzyme is likely to arise from deletion of Tyr 322, which shields these hydrophobic residues, Val 309 and Gly 310, from solvent. This would explain why G6PD Nara still has residual activity but is highly unstable.
Less deleterious variants: G6PD A-. Not all sequenced variants have been classified in terms of activity. As well as the class I variants, considered in detail above, we have considered the locations of those 15 of the least deleterious variants that have known single-residue mutations, retain at least 10% residual activity and are not associated with CNSHA. With only a model of the human enzyme, we should not seek explanations for the ways in which the structure may alter to accommodate each of these changes. Nonetheless we have noted that there is a strong tendency for these variant residues to be accessible, on external helices or loops. Only one variant, 285Arg -+ His, involves mutation of an inaccessible residue that is well conserved between species, and our model will accommodate a histidine. In contrast, of the class I variant residues, 12 have very low accessibility and 2 of these and 5 others are totally conserved.
Among the less deleterious variants, G6PD A-, the common African deficient variant contains two mutations, 68Val+ Met and 126Asn + Asp relative to G6PD B.?* The 126Asn + Asp mutation is found on its own in the nondeficient variant G6PD A. By contrast, the mutation 68Val + Met, which is the commonest in G6PD A-, has not yet been encountered on its own and when artificially engineered into normal G6PD B it does not cause deficiency." It has been concluded that the two mutations 126Asn + Asp and 68Val+ Met act synergistically to cause enzyme deficiency. This so far unique finding is now justified by our threedimensional model: indeed, we find that these twy residues, on OB and (YC, are spatially very close (some 8 A apart, as illustrated in Fig 6) . In the absence of the experimentally determined structure of the human enzyme, it is not reasonable to speculate further on the detailed differences in the sidechain interactions of the residues in the A-variant. However, we may surmise that the two substitutions interact specifically with each other causing disruption in the protein structure, possibly in the ,&sheet of the coenzyme domain.
To understand in finer detail what amino acid changes may affect the dimer-tetramer equilibrium, and what weight must be assigned to different changes that may contribute to enzyme instability in the many known variants with differing severity of G6PD deficiency, it will be necessary to solve the three-dimensional structure of human G6PD. However, the structure modeled here on the basis of the L rnesenteroides G6PD has already shown that residues in the active site For personal use only. on August 30, 2017. by guest www.bloodjournal.org From have not been modified in known variants, that a weakened dimer interaction is responsible for a large class of variants which give rise to CNSHA, and that residues distant in the primary structure and from different subunits are involved in the same sensitive region of the dimer interface.
